The pain of a migraine attack is often described as unilateral, with a throbbing or pulsating quality. The middle meningeal artery (MMA) is the largest artery supplying the dura mater, is paired, and painproducing in humans. This artery, or its branches, and other large intracranial extracerebral vessels have been implicated in the pathophysiology of migraine by theories suggesting neurogenic inflammation or cranial vasodilatation, or both, as explanations for the pain of migraine. Having previously studied in detail the distribution of the second order neurons that are involved in the transmission of nociceptive signals from intracranial venous sinuses, we sought to compare the distribution of second order neurons from a painproducing intracranial artery in both monkey and cat. By electrically stimulating the middle meningeal artery in these species and using immunohistochemical detection of the proto-oncogene Fos as a marker of neuronal activation, we have mapped the sites of the central trigeminal neurons which may be involved in transmission of nociception from intracranial extracerebral arteries. Ten cats and 3 monkeys were anaesthetised with α-chloralose and the middle meningeal artery was isolated following a temporal craniotomy. The animals were maintained under stable anaesthesia for 24 h to allow Fos expression due to the initial surgery to dissipate. Following the rest period, the vessel was carefully lifted onto hook electrodes, and then left alone in control animals (cat n l 3), or stimulated (cat n l 6, monkey n l 3). Stimulation of the left middle meningeal artery evoked Fos expression in the trigeminocervical nucleus, consisting of the dorsal horn of the caudal medulla and upper 2 divisions of the cervical spinal cord, on both the ipsilateral and contralateral sides. Cats had larger amounts of Fos expressed on the ipsilateral than on the contralateral side. Fos expression in the caudal nucleus tractus solitarius and its caudal extension in lamina X of the spinal cord was seen bilaterally in response to middle meningeal artery stimulation. This study demonstrates a comparable anatomical distribution of Fos activation between cat and monkey and, when compared with previous studies, between this arterial structure and the superior sagittal sinus. These data add to the overall picture of the trigeminovascular innervation of the intracranial pain-producing vessels showing marked anatomical overlap which is consistent with the often poorly localised pain of migraine.
distribution of trigeminal neurons activated by stimulation of large dural arteries, such as the middle meningeal artery, provides important information concerning the central processing of signals from these pain-producing structures. Having characterised the distribution of the large venous sinuses in cat (Kaube et al. 1993 ) and monkey , it is of interest to consider the extent to which the nociceptive innervation of arterial and venous structures and their dural covering overlap, given the very variable patterns of pain seen in migraine and cluster headache (Lance & Goadsby, 1998) . Moreover, it is important to consider evidence for species differences given that much of what is known about primary headache is derived from experiments in nonprimates.
The dura mater provides the dual roles of a supporting structure and a protective covering for the brain. Anatomical evidence has shown that the dura mater is very vascular with a rich capillary bed (Kerber & Newton, 1973 ; Roland et al. 1987) . The vessels of the dura mater are densely innervated by sympathetic (Keller et al. 1989 ) and sensory (Steiger & Meakin, 1984) nerves. The primary afferent fibres arising from the pain-producing intracranial structures travel predominantly in the ophthalmic division of the trigeminal nerve (Feindel et al. 1960) , traverse the trigeminal ganglion and synapse in the caudal medulla and upper & divisions of the cervical spinal cord in rat (Arbab et al. 1986 ; Strassman et al. 1994) , cat (Kaube et al. 1993 ; Hoskin et al. 1996 a, b) and monkey . It is accepted that visceral afferents converge onto neurons in the trigeminal nucleus caudalis (Hu et al. 1981) , which is often termed the medullary dorsal horn due to its structural similarities to the spinal cord dorsal horn (Gobel et al. 1977) .
Noxious information from the dura mater is conveyed to the central nervous system by unmyelinated (C fibres) and small myelinated (Aδ) fibres that form a plexus around the vessels of the dura mater (Keller & Marfurt, 1991) . Nociceptive afferents have cell bodies in the trigeminal ganglion and to a lesser extent the upper cervical dorsal root ganglia (C " -C $ ) in monkey (Penfield & McNaughton, 1940 ; Ruskell & Simons, 1987) , cat (Steiger et al. 1982 ; Keller et al. 1985) and rat (Arbab et al. 1986) . Tracing studies have shown that fibres innervating cerebral vessels arise from within the trigeminal ganglion and travel predominantly in the first division of the trigeminal nerve (Mayberg et al. 1984) . Following application of horseradish peroxidase (HRP) to the middle meningeal artery, Mayberg et al. (1984) found cells predominantly in the ophthalmic division of trigeminal ganglia, with only a small number of cells found in the second and third divisions.
Electrophysiological studies have shown that electrical stimulation of the middle meningeal artery causes cell firing in the trigeminal nucleus caudalis (Davis & Dostrovsky, 1986) and in the C # spinal cord (Lambert et al. 1991) . These cells were activated by noxious stimulation of the facial skin, observations which complement the findings of Wolff (1963) and Penfield & McNaughton (1940) . In one study trigeminal ganglion cells have been found not to have divergent collaterals linking intracranial structures, such as the dura mater and middle meningeal artery, with the extracranial anterolateral forehead (Borges & Moskowitz, 1983) . However, the existence of trigeminal cells having divergent axon collaterals that innervate 2 different intracranial structures has been documented in another study (O'Connor & van der Kooy, 1986) and given the clinical observations seem likely to exist in humans.
In this study we have used an immunohistochemical technique to detect the proto-oncogene Fos, the expression of which is rapid, with the number of cells activated being proportional to the level of the stimulus. In these studies we wished to observe the expression of Fos corresponding to the documented projection of trigeminal fibres from the middle meningeal artery on one side to the trigeminocervical complex and thus explore the extent to which arterial and venous structures have comparable projections. Further, by studying both monkey and cat, data comparing species could be collected given that primary neurovascular headaches are of particular interest as a clinical problem. Some of the results have previously been published in abstract form (Zagami et al. 1997) .
  

Anaesthesia and surgery
Cats (n l 9) weighing 2.5-3.5 kg and monkeys (Macaca nemestrina) (n l 3) weighing 8-14 kg were used. Animals were fasted before experimentation. Monkeys were transported to the laboratory under ketamine (10 mg\kg, i.m.i.) sedation. Animals were initially anaesthetised in the laboratory with α-chloralose (Calbiochem or Sigma) 60 mg\kg administered by intraperitoneal injection. The head and groin area were shaved in preparation for surgery. During surgical procedures halothane (0.5-3 %) was administered via an endotracheal tube. The femoral artery and vein were cannulated for continuous monitoring of the blood pressure and heart rate, and for administration of additional anaesthetic and maintenance fluids, respectively. The response of cardiovascular parameters and the pupillary reaction to noxious pinching of the forepaw in the cat and hand or foot of the monkey, were used to determine the need for supplementary anaesthesia. We have previously shown that this regimen provides stable anaesthesia for this type of study Kaube et al. 1993 ; Storer et al. 1997) . The animals were intubated endotracheally and ventilated with 40 % oxygen. Body temperature and expired CO # were monitored and maintained within physiological parameters. Animals were mounted into a stereotaxic frame and cranial surgery was performed (see below). On completion of surgery, halothane was discontinued. Arterial blood was taken at intervals to measure blood gases and animals were continuously monitored in a quiet room for 24 h. All primate procedures were reviewed and approved by an Institutional Ethics Review Panel at the University of New South Wales and the cat studies were carried out under a project licence issued by the UK Home Office under the Animals (Scientific Procedures) Act, 1986. To determine the length of time required for Fos elicited during surgery to dissipate we have followed the study of Menetrey et al. (1989) who reported that intracellular Fos due to a simple skin incision was almost nonexistent following a 16 h rest period and have examined the question systematically in cat in other experiments. We have found that a 24 h rest period gives an excellent signal-to-noise ratio for Fos expression (Hoskin & Goadsby, 1999) . Fluid (either saline or 4 % glucose in saline) was given intravenously at a rate of 3-5 ml\kg\h. Anaesthesia was maintained at a constant depth with intravenous α-chloralose (dissolved either in water or in a β-cyclodextrin solution ; Storer et al. 1997 ), given at 2 h intervals (10-20 mg\kg). Blood pressure and heart rate were stable and within the physiological range for all animals throughout the experiments.
Middle meningeal artery stimulation
The middle meningeal artery is a branch of the external carotid artery ranging in internal diameter from 400-800 µm. To access the vessel the temporal muscle was retracted and a small craniotomy (less than 1 cm diameter) was performed above and slightly anterior to the external auditory canal. The middle meningeal artery was identified and the dura mater was cut parallel to it. In some cases branches arising from the vessel were cauterised distally to prevent bleeding. To activate trigeminal primary afferents the middle meningeal artery was suspended from bipolar hook electrodes, 24 h after the initial surgery and was stimulated at 0.3 Hz, for a period of 2 h in the cat and 1 h in the monkey (S88 stimulator, 150 V, 250 µs duration, driving an SIU5A stimulus isolation unit ; Grass Instruments, Quincy, Ma, USA). This stimulation is sufficient to active terminals of nociceptive primary afferents (Bullitt et al. 1992) . Controls were performed by suspending the vessel over the hook electrodes with no current applied in the cat but, for ethical reasons, and given that we had undertaken control studies contemporaneously for another similar series of active stimulation studies (Goadsby & Hoskin, 1997), we only performed active stimulation studies in the monkeys.
Perfusion
One hour after stimulation was ceased the animals were perfused transcardially with 1.5 l of 0.9 % saline (containing 1000 IU heparin and 1 % sodium nitrite) followed by 2 l of paraformaldehyde 4 % in 0.1  phosphate buffer (pH 7.2-7.4) and then 1 l of 30 % sucrose solution in phosphate buffer. The brain and cervical spinal cord were removed and stored in 50 % sucrose with 0.05 % sodium azide. Coronal sections (40 µm) of the caudal medulla and C " -C $ spinal cord were cut on a freezing microtome or cryostat with every 5th section saved for processing.
Immunohistochemical detection of Fos
Two different Fos antibodies have been used : a commercially available rabbit polyclonal antibody to Fos protein (Oncogene Science, USA ; Genesis, UK) and a locally produced research antibody fos-x (Gerrard Evan, Imperial Cancer Research). Thorough testing was performed to ensure the reproducibility and comparability of Fos labelling with each antibody. Free-floating sections were incubated at 4 mC for 3-7 d in a 1 : 1000 dilution of one of the above antibodies. Fos-like immunoreactivity was visualised using standard avidin-biotin peroxidase immunohistochemical techniques as previously reported Kaube et al. 1993) . Sections were mounted onto slides and coverslipped.
Sections were subsequently examined under a light microscope (i20 objective). The DAB reaction product was seen as a black precipitate due to the presence of nickel ammonium sulphate in the reaction bath. At the light microscopy level Fos positive cells appeared as dark round or ovoid structures with variable degrees of staining intensity. Cells were only considered positive if they conformed to the criteria established by Hammond et al. (1992) , i.e. the cell nucleus must be distinguishable from the background throughout a range of 20, 10 and 5 times magnification. Cells were plotted onto schematic sections of the caudal medulla and upper cervical spinal cord modified from the atlases of Rexed (1954) and Berman (1968) for the cat and of Burton & Loewy (1976) and Apkarian & Hodge (1989) for the primate work.
Plotting and statistics
The contralateral ventral horn was scored prioto sectioning to enable orientation of the cord when counting. The cells were plotted by hand onto schematic transverse sections of the trigeminal nucleus caudalis (2 mm caudal to the obex) and C " and C # spinal cord. A map of cell activation in this region was compiled and the distribution of Fos-positive cells was determined semiquantitatively by summating the number of cells in the 10 sections for each individual level giving a total of 30 sections for each trigeminocervical complex. The data are reported as the median with interquartile (25 %, 75 %) range and were tested using the Mann-Whitney test (Siegel, 1956 ) with a significance level of P 0.05.

All animals included in this study were maintained within normal physiological limits for the duration of the experiment (Table 1) .
Distribution of Fos expression
Lamina I and outer laminae II Control-Cat. In control animals (n l 3) the suspension of the middle meningeal artery over the hook electrode without the application of any current, with the preceding surgery, was sufficient to elicit significant amounts of Fos expression in the superficial laminae of the medullary and upper cervical spinal cord dorsal horns (30 sections) ipsilaterally, with a median of 66 (range 52-81) cells, and with 34 (range 28-47) cells on the contralateral side. was greater than in control animals (P 0.05 ; Table  2 ). Considering the levels individually the difference from control animals was significant for the C # level at 26 (17-28) cells ipsilaterally, and 10 (8-14), contralaterally (P 0.05 ; Fig. 2) .
Stimulation-monkey. In laminae I\IIo of the ipsilateral and contralateral trigeminal nucleus caudalis (TNC) and C "
and C # cervical spinal cord electrical stimulation produced a median of 135 (range 124-152) and 142 (126-160) Fos-positive cells, respectively, for the entire trigeminocervical complex (n l 3, Table 2 ; Fig. 3) .
Lamina X
Fos labelling was also present bilaterally in the caudal nucleus tractus solitarius and its caudal extension, lamina X of the upper cervical spinal cord. In the control group there was a median of 14 (12-19) cells ipsilaterally and 30 (21-35) cells, contralaterally. For the stimulated cats 21 (17-36) cells on the ipsilateral side where observed while on the contralateral side a median of 31 (22-36) cells were seen (Table 2) .

These data demonstrate that stimulation of the middle meningeal artery results in the activation of neurons in the trigeminocervical complex, consisting of the trigeminal nucleus caudalis and its caudal extension, the dorsal horn of the upper segments of the cervical spinal cord. Neuronal activation was also demonstrated in the caudal nucleus tractus solitarius and its caudal extension, lamina X of the upper cervical spinal cord. Fos labelling was observed on both the There is a robust increase in Fos expression in the trigeminocervical complex after middle meningeal artery stimulation in a distribution similar to that seen in the cat (Fig. 1). ipsilateral and the contralateral sides, although this must be interpreted cautiously in light of the irritative effect of lifting the vessel in the control animals. The areas activated are comparable to previous Fos studies as the central ramification site of trigeminal afferents from the pain-producing superior sagittal sinus in the cat (Kaube et al. 1993 ) and monkey , and it is in these areas (lamina I, outer lamina II) of the spinal cord that peripheral nociceptive fibres terminate (Bullitt, 1991) . Furthermore, these data are consistent with electrophysiological studies reporting that cells linked to electrical stimulation of the middle meningeal artery can be recorded in the caudal medulla (Davis & Dostrovsky, 1986 ; Strassman et al. 1986 ) and upper cervical spinal cord (Lambert et al. 1991 ) of the cat. In addition, the nucleus tractus solitarius, when stimulated, causes retching and emesis (Fukuda & Koga, 1991) , which is remarkable since vomiting and nausea are so often associated with migraine (Silberstein et al. 1998) .
The middle meningeal artery is surrounded by a periarterial network of nerves with frequent nerve endings (Fang, 1961) . As with other intracranial painproducing structures, the middle meningeal artery receives its innervation from the trigeminal ganglion. Retrograde tracing studies have revealed that these fibres arise predominantly in the ophthalmic division of the trigeminal ganglion (Mayberg et al. 1981) , with a considerable proportion also arising in the maxillary branch (O'Connor & van der Kooy, 1986) . The trigeminal ganglion predominantly innervates structures on the ipsilateral side, except those structures close to the midline, the dura matter adjacent to the superior sagittal sinus (Mayberg et al. 1981) , and deep structures, the anterior cerebral artery and rostral part of the anterior basilar artery (Arbab et al. 1986 ).
The trigeminocervical complex : a bilateral projection
It has been many decades since Olszewski & Baxter (1954) proposed that the caudal medulla was the natural rostral extension of the upper cervical spinal cord with similar anatomical and physiological roles. Trigeminal afferents project to the trigeminal ganglion ipsilaterally from their intracranial or extracranial site of origin, to synapse somatotopically, the ophthalmic division dorsolaterally and the mandibular division ventromedially, with the maxillary division lying between. This distribution has been determined using both anatomical and physiological techniques. Anatomical degeneration, cutting the proximal trigeminal root or lesioning parts of the trigeminal ganglion, and tracing studies have reported that the trigeminal primary afferents project predominately ipsilaterally to the trigeminocervical complex, as we have defined it. The development of the Fos technique (Hunt et al. 1987) has made it possible to further map this region by localising Fos expression following cortical spreading depression or KCl injection (Ingvardsen et al. 1997) , irritation of the dura by injecting blood into the subarachnoid space (Nozaki et al. 1992 ), chemical (Strassman et al. 1994 ), mechanical (Hoskin et al. 1996 and electrical stimulation of the dural vessels (Kaube et al. 1993 ; Goadsby & Hoskin, 1997).
Centrally, anatomical degeneration (Clarke & Bowsher, 1962 ; Torvik, 1967 ; Westrum et al. 1976 ; Gobel et al. 1977 ; Dubbeldam & Karten, 1978) and tracing studies (Grant & Arvidsson, 1975 ; Marfurt, 1981 ; Pfaller & Arvidsson, 1988) have shown that trigeminal afferents project ipsilaterally with a small component crossing the midline to synapse in the contralateral dorsal horn. The most likely site for fibres to cross the midline is the region starting at the caudal level of the pyramidal decussation to the C # level of the spinal cord (Torvik, 1956 ; Clarke & Bowsher, 1962 ; Jacquin et al. 1982) .
Electrophysiological evidence is somewhat contradictory with some authors reporting that there is a contralateral projection to the trigeminal nucleus caudalis (Wall & Taub, 1962 ; Darian-Smith et al. 1963 a, b) and some who did not observe a bilateral projection (Nord, 1967 ; Kerr et al. 1968 ; Kruger et al. 1977) . Our study can only make limited inferences about side to side issues since we have found the signal-to-noise ratio for middle meningeal stimulation less optimal than with superior sagittal sinus stimulation (Kaube et al. 1993 ; . It is likely this is due to a combination of the smaller size of the vessel, the fact that leaving soaked cotton wool balls on the vessel was to some extent irritative, and the extent of the temporal muscle exposure and craniotomy. The distribution of Fos is, however, very consistent between species and when compared with sagittal sinus stimulation (Kaube et al. 1993 ; with this comparative result being the primary question of the study. In addition some inferences can be made by comparison with unstimulated control animals which show symmetric minimal Fos expression (Kaube et al. 1993 ; .
The caudal nucleus tractus solitarius and its caudal extension lamina X
Trigeminal afferents are also seen to terminate in the caudal nucleus tractus solitarius and its caudal extension, lamina X in the upper cervical spinal cord (Torvik, 1956 ; Nomura et al. 1984 ; Pfaller & Arvidsson, 1988) . This region also contains peptides implicated in nociceptive transmission, namely calcitonin gene related peptide (CGRP) and substance P(SP), in quantities comparable to those found in laminae I\IIo (Gibson et al. 1981) . The Fos expression in lamina X in the current study was similar to that seen following stimulation of the superior sagittal sinus (Kaube et al. 1993 ) and was located in equivalent amounts bilaterally. The presence of fibres crossing in the caudal part of the nucleus commissuralis has been reported (Torvik, 1956 ; Arbab et al. 1988) and suggests that sensory impulses are conveyed bilaterally to this structure.
The results reported here may be of some clinical significance. Studies by Wolff (1963) on locally anaesthetised conscious patients demonstrated that distension of the middle meningeal artery, by placing the tip of the forceps inside the lumen and stretching the vessel between them, produced pain in the homolateral temporal region. The pain was described as deep and aching in quality and was often accompanied by nausea (Ray & Wolff, 1940) . Application of the local anaesthetic procaine hydrochloride to the middle meningeal artery usually rendered the whole temporoparietal region of the dura insensitive (Penfield & McNaughton, 1940) . Similarly, stimulation by endovascular dilatation of other unilateral intracranial blood vessels, such as the middle cerebral artery, causes localised frontotemporal pain on the ipsilateral side of the head (Nichols et al. 1990 ; Martins et al. 1993) . Bilateral perception of pain can be seen from posterior fossa structures (Wolff, 1963) , which may also refer pain to the frontal region (Nichols et al. 1993) .
The trigeminal nerve not only transmits sensory signals centrally for pain perception but also releases neurotransmitters peripherally, such as CGRP and SP, which are involved in the regulation of local blood flow (Edvinsson et al. 1993 ) and in inflammatory processes (Moskowitz & Cutrer, 1993) . The perikarya of the trigeminal ganglia provide the intracranial vasculature with these vasoactive peptides in the rat (Yamamoto et al. 1983 ; Wanaka et al. 1986 ) and cat (Edvinsson et al. 1981 ; Uddman et al. 1985) . SP and CGRP may be involved in neurogenic plasma extravasation in the rat and guinea pig dura mater (Moskowitz & Cutrer, 1993) and increased cerebral blood flow in the anaesthetised cat (Goadsby et al. 1988 ), when they are released from the trigeminal nerve terminals. Only CGRP, however, is reported to be increased in patients during a migraine attack (Goadsby et al. 1990 ; Goadsby & Edvinsson, 1993 ; Gallai et al. 1995) . Nerve fibres immunoreactive for CGRP and SP are found on the middle meningeal artery, and in the trigeminal ganglion and dorsal root ganglion cells projecting to the middle meningeal artery (O'Connor & van der Kooy, 1988 ; Keller & Marfurt, 1991 (Bonaventure et al. 1998 ) and the recent report of CGRP infusion producing delayed migraine in susceptible patients (Lassen et al. 1998 ).
In conclusion, we have observed bilateral activation of second order neurons after unilateral stimulation of the pain-producing middle meningeal artery in both cat and monkey. In both species the distribution of the activation is broadly similar, involving the superficial laminae of the trigeminal nucleus caudalis at the level of the cervicomedullary junction and extending reproducibly into the superficial laminae of the dorsal horns of C " and C # . The distribution for this arterial structure is exactly similar to that which we have seen for the large venous sinus, the superior sagittal sinus, in cat and monkey. These data form part of the anatomical basis for the throbbing nature of primary neurovascular headaches, such as migraine, suggesting that, broadly speaking, there is a final common anatomical pathway for intracranial vascular structures rather than a primary defect in the vessels. The caudal extension of these cells provides an anatomical explanation for the varied cutaneous distribution of the cranial pain symptomatology of these disorders and reinforces the absolute need to bear the central processing and control of the cranial vessels in mind in any formulation of the pathophysiology of these syndromes. 
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